Introduction
Host cell reactivation (HCR) of damaged reporter genes has long been used to examine the DNA repair capacity of different cell types (1) (2) (3) (4) (5) (6) . The specific repair pathway examined is determined by the agent used to damage the DNA of the reporter construct. The HCR assay used in our laboratory utilises a recombinant non-replicating adenovirus (Ad) expressing the Escherichia coli lacZ/β-galactosidase (β-gal) reporter gene under control of the cytomegalovirus immediateearly enhancer region (7) . The rationale behind the HCR assay is that in the absence of DNA damage, host cell transcription of the reporter gene by RNA polymerase II is uninterrupted and efficiently generates full-length mRNA transcripts that lead to the production of functional β-gal. Upon introduction of DNA damage into the Ad-encoded reporter gene, transcription by RNA polymerase II is blocked and DNA repair mechanisms/ pathways must first detect, remove and repair the DNA before proper transcription and production of the β-gal protein can occur. The result is reduced expression of the reporter gene in comparison to the undamaged control.
The Ad-based HCR assay has been used extensively in our laboratory to examine repair of UVC-induced lesions by the nucleotide excision repair (NER) pathway in primary and transformed cell types under various conditions (8) (9) (10) (11) (12) (13) . Exposure of DNA to UVC radiation results in the formation of 6-4 pyrimidine-pyrimidone dimers and cyclobutane pyrimidine dimers (CPDs) (14) . These lesions act as a strong block to transcription by RNA polymerase II, thus requiring removal by DNA repair mechanisms to resume efficient transcription (15) . Removal of transcription blocking lesions in cellular DNA is achieved by the transcription-coupled repair sub-pathway of NER (14) . Using a polymerase chain reaction (PCR)-based approach, we verified that UVC-induced lesions are in fact removed from the Ad-encoded lacZ gene and that the removal strongly correlates with reactivation of gene expression (8) . These results demonstrated that HCR of UVC-induced lesions in the Ad reporter gene measures NER. More recently, we have used the HCR assay to examine base excision repair (BER) of oxidative DNA damage generated by exposure of the virus to methylene blue plus visible light (MB + VL) prior to infection of cells (16) (17) (18) (19) (20) . MB is a photosensitiser that upon exposure to VL generates singlet oxygen ( 1 O 2 ), which through interaction with DNA leads mainly to the formation of 7,8-dihydro-8-oxoguanine (8-oxoG) and a small number of additional singlebase modifications (21, 22) . Studies examining the ability of 8-oxoG to block transcription by RNA polymerase II have shown conflicting results and have demonstrated transcription blockage is dependent on a number of factors including the sequence context surrounding the lesion and the strength of the promoter driving transcription (23) (24) (25) (26) (27) (28) . In addition, it has been suggested that the observed decrease in expression from a reporter gene containing 8-oxoG lesions results from gene inactivation by the 8-oxoG DNA glycosylase and that this inactivation is increased in the absence of the Cockayne syndrome group B protein (29, 30) . Thus, we have shown that the MB + VL-treated reporter gene is significantly reactivated over time and that reactivation requires the Cockayne syndrome group A and group B proteins (18) .
In this study, we have directly examined the removal of UVCand MB + VL-generated damage from the Ad-encoded lacZ gene in human GM637 skin fibroblasts and rodent CHO-AA8 hamster cells by examining the loss of endonuclease-sensitive sites by Southern blot. Consistent with our previous results demonstrating the removal of UVC-induced CPDs by a PCRbased technique (8), we show by Southern blot that CPDs were repaired in Ad DNA to a greater extent in GM637 compared to CHO-AA8 cells and that the greater level of lesion removal in GM637F compared to CHO-AA8 cells parallels the greater level of HCR for β-gal expression of the reporter gene in GM637F compared to CHO-AA8 cells. We also show that MB + VL-induced 8-oxoG are removed from the Ad-encoded lacZ gene and that the greater level of lesion removal in GM637F compared to CHO-AA8 cells parallels the greater level of HCR for β-gal expression of the reporter gene in GM637F compared to CHO-AA8 cells. Taken together, the results presented in this study suggest that removal of both MB + VL-and UVCinduced lesions from the reporter gene is a major factor leading to HCR for expression of the damaged reporter gene.
Materials and methods

Cells, virus and culture conditions
The SV40-transformed repair-proficient human skin fibroblast GM637F was obtained from NIGMS (Camden, NJ, USA). The repair-proficient Chinese hamster ovary cells, CHO-AA8, were provided by Dr Larry Thompson, Lawrence Livermore National Laboratory, Livermore, CA, USA with the help of Dr Gordon Whitmore, Physics Division, Ontario Cancer Institute, Toronto, Ontario, Canada. Cell cultures were grown at 37°C in a humidified incubator in 5% CO 2 and cultured in Eagle's α-minimal essential media (α-MEM) supplemented with 10% foetal bovine serum and antimycotic/antibiotic 100 µg/ml penicillin, 100 µg/ml streptomycin and 250 ng/ml amphotericin B. The recombinant Ad Ad5MCMVlacZ (AdCA35) was obtained from The Robert E. Fitzhenry Vector Laboratory, McMaster University, Hamilton, Ontario, Canada. The virus was propagated, collected and titred as described previously (31) .
Treatment of the virus with UVC
UV irradiation of the virus was carried out as previously described (10) . Briefly, the virus was resuspended in a 35-mm Petri dish in cold phosphate-buffered saline (PBS) (4°C) at the appropriate dilution to achieve the desired multiplicity of infection (MOI). Using a general electric germicidal lamp (model G8T5) emitting predominately at 254 nm, the virus was irradiated on ice with stirring with an incident fluence rate of 2 J/m 2 /s. For Southern blot experiments examining the loss of endonuclease-sensitive sites, a 250-µl aliquot of untreated virus was removed as a control and the remaining virus was exposed to a total dose of 240 J/m 2 of UVC irradiation. For selective extraction of Ad DNA used for detecting lesion removal, cells were infected with AdCA35 at a MOI of 100 plaque-forming units (p.f.u.)/ml. A greater MOI was used for the Southern blot experiments compared to HCR experiments to ensure enough copies of the gene were present for efficient detection by probe hybridisation. For HCR experiments, after each UV exposure, 200-µl aliquots were removed from the viral preparation and appropriately diluted using unsupplemented α-MEM.
Treatment of the virus with MB + VL
MB was prepared as described previously (19) . Treatment of the virus was performed as described previously (16) . Briefly, virus was suspended in cold PBS (4°C) with 20 μg/ml of MB and exposed to VL. For Southern blot experiments examining the loss of endonuclease-sensitive sites, a 250-µl aliquot of untreated virus was removed as a control and the remaining virus was exposed to VL using a 1000-W bulb (GE R1000; General Electric) at a distance of 75 cm, on ice with stirring for a total exposure of 480 s. For selective extraction of Ad used for detecting lesion removal, cells were infected with AdCA35 at a MOI of 100 p.f.u./ml. For HCR experiments, the same conditions were used for treatment of the virus and 200-µl aliquots of exposed virus collected after each sequential VL exposure were subsequently used to infect cells.
Selective (Hirt) extraction of Ad DNA from infected cells
Ad DNA was selectively isolated from infected cells by the Hirt extraction protocol (32) . Following the repair incubation period, growth medium was aspirated from the infected (or mock-infected) monolayer of cells and subsequently overlayed with 0.5 ml of lysing solution [10 mM Tris (pH 7.4), 10 mM EDTA, 0.5% SDS, 100 mM NaCl, 100 mg/ml proteinase K (Roche)]. Cells were lysed for 8 h at 37°C and the samples were subsequently transferred to a 1.5-ml Eppendorf tube using a wide bore pipette tip. Then, 0.25 ml of 3 M sodium acetate (pH 7) was added to the samples and mixed gently by inversion and allowed to precipitate overnight on ice. Following precipitation, the samples were centrifuged at 17 500g for 30 min at 4°C. After centrifugation, the supernatant from each sample was extracted sequentially with phenol, phenol:chloroform and chloroform and the final aqueous phase was ethanol precipitated overnight at −20°C with 20 µg/ml glycogen (Roche) as a DNA carrier. Following ethanol precipitation, the resulting pellet was redissolved in 40-100 µl sterile double-distilled (dd) H 2 O in preparation for restriction enzyme digestion.
Restriction digestion and endonuclease treatment of selectively extracted
Ad DNA Prior to treatment of Ad DNA with either T4 pyrimidine-DNA glycosylase [T4pdg; New England Biolabs (NEB) M0308S] or formamidopyrimidine (Fapy)-DNA glycosylase (Fpg; NEB M02040), all samples were digested overnight by 40 units of EcoRI (NEB R0101) in a total reaction volume of 50 µl in 1× NEB buffer 1. After digestion, the enzyme was heat inactivated at 65°C for 20 min. For subsequent treatment of UVC-damaged DNA by T4pdg, the digested samples were extracted by phenol:chloroform and the resulting aqueous phase was ethanol precipitated and resuspended in ddH 2 O. Samples were then divided in two and digested or mock digested overnight with 10 units T4pdg [1× T4pdg reaction buffer, 100 µg/ml bovine serum albumin (BSA)]. Following T4pdg treatment, samples were loaded into a 0.8% alkaline agarose gel and separated by electrophoresis (20-24 h at 10 V). For endonuclease treatment of MB + VL-damaged DNA, the EcoRI-digested samples were divided in half and incubated with or without 16 units of Fpg (1× NEB buffer 1, 100 µg/ml BSA) for 5 h. Following incubation, the samples were loaded directly into a 0.8% alkaline agarose gel and separated by electrophoresis (20-24 h at 10 V).
Separation of Ad DNA by alkaline gel electrophoresis and detection by Southern blotting
Ad DNA was separated on denaturing 8% alkaline agarose gels run at 10 V for 20-24 h. Following gel electrophoresis, two 30-min washes in neutralisation buffer [1.5 M Tris (pH 7.4), 1.5 M NaCl] were performed after which DNA was transferred to a neutral nylon membrane (Hybond N, Amersham) by upward capillary transfer of 10× SSC. After transfer, the membrane was washed with 6× SSC and the DNA was UV crosslinked to the membrane (UV stratalinker). Prior to hybridisation with the radioactive probe specific to the Ad-encoded lacZ gene, membranes were prehybridised with Church buffer [0.5 M NaPi (pH 7.2), 1 mM EDTA (pH 8.0), 7% SDS, 1% BSA] in roller bottles at 65°C in a rotating hybridisation oven.
Preparation of a radiolabelled probe for detection of the Ad-encoded LacZ gene
The radioactive probe used for detection of Ad lacZ DNA was generated by Klenow (Invitrogen) extension of primers (primer 1: 5ʹ-GATCTTGCTATGGATCCC-3ʹ; primer 2: 5ʹ-CAACTGGTAATGGTAGCG-3ʹ) flanking an 835-bp portion of the Ad-encoded lacZ gene. The same primers were used to PCR amplify the 835-bp fragment for use in Klenow extension and probe generation. The probe used in this study was a double-stranded probe, which measures overall repair in the viral reporter gene. Klenow extension of primers 1 and 2 using the 835-bp PCR product as a template was carried out using α-32 P dATP, α-32 P dCTP, α-32 P dGTP and α-32 P dTTP (3000 Ci/mmol, 10 mCi/ml; Perkin Elmer). Klenow extension was carried out for 90 min in a total volume of 50 µl in 1× OLB [40 mM NaPi (pH 7.2), 1 mM EDTA, 1% SDS] with 50 µCi of each radioactive α-32 P dNTP (200 ng template DNA, 5 ng each primer, 9 units Klenow). The reaction was stopped by the addition of 50 ml TNES [10 mM Tris (pH 7.4), 100 mM NaCl, 10 mM EDTA, 1% SDS] and incubated at 65°C for 10 min. Unincorporated nucleotides were separated from the labelled probe by elution through a sephadex G-50 column with 1 ml TNES. Immediately before hybridisation with the nylon membrane, the probe was boiled for 5 min and added to 25 ml of prewarmed (65°C) Church buffer and filtered through a 0.2-µm syringe filter. The prehybridisation solution was removed from the roller bottles containing the membranes and the 25 ml of sterile Church buffer containing the probe was immediately added. Hybridisation was carried out at 65°C with rotation for 18-24 h. Following hybridisation, three 15-min washes in 25 ml church wash [40 mM NaPi (pH 7.2), 1 mM EDTA (pH 8), 1% SDS] were performed at 65°C. The membrane was then sealed in plastic and intensifying phosphor screens were used for visualisation of the radioactive signal from the hybridised membrane. Phosphor screens were scanned using a phosphorimager (Storm scanner 8200) and quantified using ImageQuant software.
β-Galactosidase reporter gene expression assay (HCR)
The HCR assay was performed as previously described (18) . Briefly, the HCR uses the recombinant Ad (AdCA35) expressing β-gal under control of the mouse cytomegalovirus immediate-early enhancer region. GM637F and CHO-AA8 cells were seeded for confluence (3.5 × 10 4 cells/well) in 96-well plates (Falcon, Frankin Lakes, NJ, USA). Cells were then incubated for 18-24 h and subsequently infected with untreated, UVC-treated or MB + VL-treated AdCA35 at an MOI of 100 p.f.u./cell. After 90 min of viral adsorption, the infection media was aspirated and replaced with 200 µl of complete α-MEM. After an additional 24 h of repair incubation, cells were harvested for measurement of β-gal activity by addition of chlorophenol red-β-d-galactopyranoside. In each HCR experiment, triplicate determinations of β-gal activity for each treatment of the virus were scored as previously described (33) .
Graphing and statistical analysis
The counts per pixel for images obtained by scanning the phosphor screens with the phosphorimager were quantified using ImageQuant software. The surviving fraction (SF) of the endonuclease-treated sample relative to its respective control was calculated (counts from endonuclease-treated sample corresponding to the 3-kb lacZ fragment/counts from mock-treated sample corresponding to the 3-kb lacZ fragment). The SF was then used to calculate the number of endonuclease-induced ssDNA breaks at each [#ssDNA breaks = −ln(SF)]. These numbers were converted to the percentage of endonuclease-induced ssDNA breaks for graphical representation and statistical analysis. Statistical analysis of the percent removal of endonuclease-sensitive sites at each time point compared to t = 0 was done using a one sample two-tailed t-test. Statistical analysis of the percent removal at each time point between GM637F and CHO-AA8 cells was done using a two-sample independent t-test.
The HCR β-gal survival curves for UVC and MB + VL treatment were plotted using Origin Lab software and fitted to the linear quadratic equation lnSF= −(αx + βx 2 + y) with error used for weighting. The absolute D 37 values (VL dose to virus required to reduce β-gal expression to 37% of the untreated virus) used for statistical analysis for each cell line were obtained by extrapolation from the HCR survival curves of each independent experiment. A two-sample independent t-test was used to compare absolute D 37 values from GM637F and CHO-AA8 cells.
Results
Loss of T4 pyrimidine-DNA glycosylase-sensitive sites over time in human and Chinese hamster ovary cells
Using a quantitative PCR approach, we have previously demonstrated that UVC-induced lesions are removed from the Ad-encoded lacZ reporter gene and that this removal correlates with HCR capacity (8) . In this work, we examine the removal of UVC-induced lesions by loss of T4 pyrimidine-DNA glycosylase (T4pdg)-sensitive sites using Southern blotting. T4pdg recognises CPDs and through its glycosylase activity cleaves the glycosyl bond on the 5ʹ side of the CPD generating an abasic (AP) site. The AP site is converted into a single-strand break after cleavage of the phosphodiester bond at the AP site by the endonuclease activity of T4pdg. GM637F and CHO-AA8 cells seeded in 6-cm dishes were infected with UVC-treated (or mock-treated) AdCA35 and incubated to allow for repair. Cells were harvested for Hirt extraction of Ad DNA at 0, 1.5, 3, 6 and 24 h. Following phenol:chloroform extraction and ethanol precipitation, Ad DNA was digested with EcoRI to generate a 3-kb lacZ fragment. Following digestion with T4pdg, the samples were run on a denaturing alkaline agarose gel, transferred to a neutral nylon membrane and a radioactively labelled probe specific to an 835-bp portion of the Ad-encoded lacZ gene was used to detect the reporter gene DNA. Figure 1A shows the results of a Southern blot examining the loss of T4pdg-sensitive sites over time in both GM637F and CHO-AA8 cells. In the human SV40-transformed GM637F fibroblasts, considerable recovery of the 3-kb lacZ fragment is evident after 24 h of repair incubation, whereas less of the 3-kb lacZ fragment was detected for Ad DNA extracted from CHO-AA8 cells. For both cell lines, the SF of the T4pdg-treated sample at each time point was used to calculate the percent removal of T4pdg-induced ssDNA breaks and this is shown in Figure 1B . A significant removal of T4pdg-sensitive sites was observed in GM637F cells after 24 h of repair incubation (P = 0.0004), while significantly less removal was detected following any of the time points in CHO-AA8. After 24 h of repair incubation, a significant difference in the percent of T4pdg-sensitive sites removed was observed between GM637F (62.3 ± 1.2) and CHO-AA8 (22.3 ± 12.4) cells (P = 0.033). These results demonstrate that repair of UVC-induced CPDs in the Ad-encoded lacZ gene occurs to a greater extent in human SV40-transformed GM637F fibroblasts compared to CHO-AA8 hamster cells.
HCR of UVC-irradiated AdCA35 in GM637F and CHO-AA8 cells
UVC-induced CPDs act as a strong block to transcription by RNA polymerase II and are thought to require removal for reactivation of gene expression from the UVC-treated reporter gene. The significantly increased removal of T4pdg-sensitive sites in GM637F compared to CHO-AA8 cells after 24 h of repair incubation suggested that if lesion removal is required for gene reactivation, HCR of β-gal expression would be greater in GM637F compared to CHO-AA8 cells. To test this, we examined HCR of the UVC-irradiated reporter gene 24 h after infection in both cell types. Levels of β-gal activity from UVCtreated AdCA35 were normalised to the untreated control and the HCR β-gal survival curves obtained from three independent experiments are shown in Figure 2 . HCR as measured by the D 37 value was significantly greater in GM637F (224.23 J/m 2 ) compared to CHO-AA8 cells (91.74 J/m 2 ) (P = 0.0057). Taken together, these data show that UVC-induced CPDs are removed from the Ad-encoded lacZ gene and that the greater level of lesion removal in GM637F compared to CHO-AA8 cells parallels the greater level of HCR for β-gal expression of the reporter gene in GM637F compared to CHO-AA8 cells.
Loss of Fapy-DNA glycosylase-sensitive sites over time in human and Chinese hamster ovary cells
We have previously demonstrated significant reactivation of reporter gene expression following MB + VL and UVC treatment over time in human SV40-transformed fibroblasts and CHO cells (18) . To determine if repair of MB + VL-induced 8-oxoG occurs in the Ad-encoded lacZ gene, we examined lesion removal by loss of Fpg-sensitive sites. Treatment of the virus with MB + VL leads to the formation of 8-oxoG lesions and a small amount of other single-base lesions (21, 22) . Escherichia coli Fpg is an endonuclease that catalyses the excision of oxidative guanine lesions including 8-oxoG generating an AP site and further processes the AP site into a single-strand break by the enzyme's AP lyase activity (34) . To assess if host cell repair machinery removes MB + VL-induced 8-oxoG lesions from the Ad-encoded β-gal reporter gene, cells seeded in 6-cm dishes were infected with AdCA35 treated or mock treated with MB + VL and incubated for 24 h. Cells were harvested for selective Hirt extraction of Ad DNA following repair incubation periods of 0, 1.5, 3, 6, 12 and 24 h. Following phenol:chloroform extraction and ethanol precipitation, Ad DNA was digested with EcoRI to generate a 3-kb lacZ fragment. Following digestion with Fpg, the samples were run on a denaturing alkaline agarose gel, transferred to a neutral nylon membrane and hybridised with a radioactively labelled probe specific to a 835-bp portion of the Ad-encoded lacZ gene. Figure 3A shows the results of a Southern blot examining the loss of Fpg-sensitive sites over time in both GM637F and CHO-AA8 cells. In the human SV40-transformed GM637F fibroblasts, significant recovery of the 3-kb lacZ fragment was detected after 24 h of incubation (P = 0.036). In contrast, there was less recovery of the 3-kb lacZ fragment extracted from CHO-AA8 cells. Although recovery of the 3-kb lacZ fragment extracted from CHO-AA8 cells was not significant at any of the individual time points examined, pooled values for removal of lesions in CHO-AA8 cells at 12 and 24 h (N = 6) showed a close to significant repair of Fpg-sensitive sites (P = 0.0588). For both cell lines, the SF of the Fpg-treated sample at each time point was used to calculate the percent removal of Fpginduced ssDNA breaks and is shown in Figure 3B . Following 24 h of repair incubation, a significant difference in the percent of Fpg-sensitive sites removed was observed between GM637F (79.6 ± 15.4) and CHO-AA8 cells (20.6 ± 7.0). These results demonstrate that repair of MB + VL 8-oxoG in the Ad-encoded lacZ gene occurs to a greater extent in human SV40-transformed GM637F fibroblasts compared to CHO-AA8 hamster cells.
HCR of the MB + VL-treated Ad-encoded β-gal gene in human and Chinese hamster ovary cells
We have previously demonstrated significant reactivation of reporter gene expression following MB + VL treatment over time in human SV40-transformed GM637F fibroblasts and CHO cells (18) . Consistent with in vivo inhibition of transcription by RNA polymerase II by 8-oxoG, treatment of the Ad-encoded reporter gene with MB + VL led to reduced expression of the reporter gene compared to control. The increased removal of Fpg-sensitive sites in GM637F compared with CHO-AA8 cells The presence of ssDNA breaks in the 3-kb EcoRI lacZ fragment produce smaller ssDNA fragments that migrate further than the full-length fragment. These smaller fragments appear as a smear or tail below the defined 3-kb band. Smearing below the 3-kb band in samples that have not been treated with T4pdg (lanes 1 and 3) represent ssDNA breaks generated by other sources. Following UVC exposure, a large number of T4pdg-sensitive sites are generated (compare lanes 2 and 4). During repair incubation, NER removes CPDs resulting in the loss of T4pdg-sensitive sites and recovery of the full-length 3-kb lacZ fragment. As long as CPDs persist in the lacZ DNA, T4pdg will induce ssDNA breaks resulting in less full-length signal compared to the control. (B) Quantification of the percent removal of CPDs from the Ad-encoded lacZ gene in GM637F and CHO-AA8 cells. Each point on the graphs represents an arithmetic mean ± SE of the percent removal of UVC-induced T4pdg-sensitive sites from three independent experiments. A significant increase in the percent removal of UVC-induced T4pdg-sensitive sites was observed in GM637F at 24 h (indicated by an asterisk) and a significant difference in the percent removal of T4pdg-sensitive sites was observed between GM637F and CHO-AA8 24 h (indicated by a cross/plus sign). Fig. 2 . HCR of UVC-treated AdCA35 in human and rodent cells. Cells seeded in 96-well plates were infected with UVC-irradiated (or mockirradiated) AdCA35 at an MOI of 100 and incubated for 24 h to allow for repair and reactivation of expression from the Ad-encoded β-gal reporter gene. Each point on the graphs represents an arithmetic mean ± SE of the β-gal activity at each UVC exposure to the virus relative to the untreated control obtained from three independent experiments. after 24 h suggested that if lesion removal is a requirement of gene reactivation, then HCR of β-gal expression would be greater in GM637F compared to CHO-AA8 cells. We, therefore, examined HCR of the MB + VL-treated reporter gene 24 h after infection in both cell types. Levels of β-gal activity from MB + VL-treated AdCA35 were normalised to the untreated control and the HCR β-gal survival curves obtained from three independent experiments are shown in Figure 4 . HCR as measured by the D 37 value was significantly greater in GM637F (120.56 s) compared to CHO-AA8 cells (47.69 s) (P = 0.02). Taken together, these data show that MB + VL-induced 8-oxoG are removed from the Ad-encoded lacZ gene and that the greater level of lesion removal in GM637F compared to CHO-AA8 cells parallels the greater level of HCR for β-gal expression of the reporter gene in GM637F compared to CHO-AA8 cells.
Discussion
In this study, we have examined repair of UVC-and MB + VL-induced lesions in the Ad-encoded reporter gene in human and rodent cells using the repair-proficient SV40-transformed human skin fibroblasts line GM637F and the hamster CHO-AA8 cell line. Transformation of cells with the SV40 large T (LT) antigen leads to a number of changes within the cell (35) and is dependent on binding of SV40 LT proteins to pRb and p53 (36) . SV40 LT directly binds and inactivates pRb and two related proteins p130 and p107, whose functions are to repress transcription factors that regulate the expression of downstream factors involved in cell cycle entry and progression (36) . Binding of p53 by SV40 LT interferes with the tumour suppressor ability to function as a sequence-specific transcription factor (36) . The p53 tumour suppressor also mediates recognition and repair of CPDs through upregulating expression of the globalgenomic NER genes XPC, XPE and gadd45 (37-40). Bowman et al. (41) have reported that p53 inactivation by SV40 LT in transformed human fibroblasts leads to significantly reduced global-genomic NER of UVC-induced CPDs in the absence of replication repair compared to the appropriate non-transformed control suggesting that the NER observed in the cellular DNA of SV40-transformed cells following UVC exposure occurs predominately via transcription-coupled NER. However, in contrast to these observations, other studies have shown similar levels and rates of removal of CDPs in SV40-transformed fibroblasts and their primary counterparts (42) (43) (44) . Bowman et al. (41) point out that the authors of the other studies did not take into account whether or not the cells were replicating and, therefore, some of the observed repair may have been due to replication repair.
In all the studies discussed above, repair of UVC-induced lesions was examined in genomic DNA of treated cells. In contrast, the HCR assay used in this work measures the ability of an untreated cell to remove lesions from an actively transcribed gene and reactivate expression. Previous work from our laboratory examining HCR of the UVC-treated Ad in normal and NER-deficient Cockayne syndrome and xeroderma pigmentosum primary fibroblasts showed that global-genomic NER is responsible for the majority of repair in the actively transcribed reporter gene in untreated cells with transcription-coupled NER playing a smaller role. For HCR experiments, xeroderma pigmentosum group C fibroblasts with defective global-genomic NER showed an average D 37 value relative to normal control cells of 0.47 ± 0.15, while Cockayne syndrome fibroblasts with defective transcription-coupled NER showed a relative D 37 value of 0.76 ± 0.07 (12) . The recombinant Ad used in the HCR assay is non-replicating, so we are not observing any effects of repair replication. Together, this suggests that in untreated cells, the majority of NER, even in the transcribed β-gal gene of the recombinant Ad, is carried out by global-genomic NER. To 1 and 2) . Following MB + VL exposure, a large number of Fpg-sensitive sites are generated (compare lanes 2 and 4). During repair incubation, BER removes 8-oxoG resulting in the loss of T4pdg-sensitive sites and recovery of the full-length 3-kb lacZ fragment. As long as 8-oxoG lesions persist in the lacZ DNA, Fpg will induce ssDNA breaks resulting in fewer full-length fragments and less signal compared to the control. (B) Quantification of the percent removal of Fpgsensitive sites from the Ad-encoded lacZ gene in GM637F and CHO-AA8 cells. Each point on the graphs represents the arithmetic mean ± SE of the percent removal of MB + VL-induced Fpg-sensitive sites from three independent experiments. A significant increase in the percent removal of MB + VL-induced Fpgsensitive sites was observed in GM637F at 24 h (indicated by an asterisk) and a significant difference in the percent removal of Fpg-sensitive sites was observed between GM637F and CHO-AA8 at 24 h (indicated by a cross/plus sign). support this, experiments using a plasmid-borne β-gal reporter gene did not find any evidence for transcription-coupled NER in removal of UVC-induced lesions from plasmid DNA (45) .
Early work on the repair of UVC-induced CPDs in cellular DNA showed that repair of non-transcribing bulk DNA by the global-genomic NER pathway was less in rodent compared to human cells (46) . Following an exposure of 10 J/m 2 to cells, 65-74% of the UVC-induced endonuclease-sensitive sites were removed from the bulk DNA of human 6A3 cell lines at 24 h (46), whereas only 10-20% were removed from hamster CHO-B11 cells (47) . In contrast, repair of endonuclease-sensitive sites from the transcribing dihydrofolate reductase gene at 24 h was similar in the human (80%) and hamster cells (75%) (48) . In this study, we show that the removal of endonucleasesensitive sites from the Ad-encoded reporter gene at 24 h was significantly greater in the human GM637F cells compared to the rodent CHO-AA8 cells. The level of endonuclease-sensitive site removal from the Ad-encoded β-gal gene for human GM637 compared to CHO-AA8 hamster cells reported here ( Figure 1 ) together with that for endonuclease-sensitive site removal from bulk cellular DNA in human and CHO hamster cells (48) also supports a major role for the global-genomic NER pathway in the repair of UVC-induced lesions from the recombinant Ad genome in untreated mammalian cells.
Using a PCR-based approach, our laboratory has previously demonstrated that UVC-induced CPDs are removed from an Ad-encoded β-gal reporter gene (Ad5HCMVsp1lacZ) (8) .
Greater removal of UVC-induced lesions from the reporter gene correlated with increased HCR observed in NERproficient normal fibroblasts and increased HCR resulting from UVC pretreatment of cells compared to decreased removal in NER-deficient xeroderma pigmentosum and Cockayne syndrome fibroblasts (8) . In this work, we show a greater removal of UVC-induced lesions from the reporter gene in GM637F compared to CHO-AA8 cells together with an increased HCR for expression of the reporter gene observed in GM637F compared to CHO-AA8 cells. Taken together, our results suggest that HCR for expression of the UVC-treated Ad-based reporter gene reflects repair of UVC-induced DNA damage.
We have previously shown significant reactivation of gene expression from the Ad-encoded lacZ gene over time following both UVC and MB + VL treatment (18) . In order to examine if HCR of the MB + VL-treated Ad reporter represents repair or bypass of 8-oxoG lesions, we measured both lesion removal and HCR for expression of the reporter gene. Similar to the results for UVC, we observed removal of Fpg-sensitive sites from the lacZ gene, demonstrating DNA repair in the viral DNA. GM637F fibroblasts demonstrated a significantly greater rate of removal compared to CHO-AA8 cells. By 12 h after infection of both GM637F and CHO-AA8 cells, removal of MB + VL-induced lesions appears to be complete with little change over the subsequent 12 h (Figure 3 ). In comparison, UVC-induced DNA damage continues to be removed up to at least 24 h after infection of both GM637F and CHO-AA8 cells (Figure 1 ). These results reflect the time course for expression of the MB + VL-and UVC-treated reporter gene in GM637F cells reported previously (18) . Reactivation of the MB + VLtreated reporter in GM637F cells reaches a maximum 12 h after infection in GM637F, while reactivation of the UVC-treated reporter gene continues to increase up to at least 70 h after infection (18) .
We also show that HCR for expression of the MB + VL-damaged reporter gene is substantially greater in human SV40-transformed GM637F skin fibroblasts compared to hamster CHO-AA8 cells. The difference between the human and rodent cells in the removal of 8-oxoG from the damaged reporter gene paralleled the difference in HCR for expression of the damaged reporter gene. These results suggest that the major factor resulting in HCR of the MB + VL-treated reporter gene in human cells is DNA repair in the Ad genome rather than lesion bypass.
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